We study the vector-axialvector mixing in a hot medium and its evolution toward the chiral phase transition using different symmetry restoration scenarios based on the generalized hidden local symmetry framework. We show that the presence of the a1 meson reduces the vector spectral function around ρ meson mass and enhances it around a1 meson mass. The coupling strength of a1 to ρ and π vanishes at the critical temperature due to the degenerate ρ-a1 masses. This feature holds rigorously in the chiral limit and still stays intact to good approximation for the physical pion mass.
INTRODUCTION
In-medium changes of hadron properties are considered to be indicators of the tendency towards chiral symmetry restoration in hot and/or dense QCD. In particular, the short-lived vector mesons like the ρ mesons are expected to carry information on the modifications of hadrons in matter [1] . In the presence of hot matter the vector and axialvector current correlators are mixed due to pions in the heat bath. At low temperatures this process is described in a model-independent way in terms of a lowenergy theorem based on chiral symmetry [2] . The vector spectral function is then modified by axialvector mesons through the mixing theorem [3] .
The validity of this theorem is, however, limited to temperatures T ≪ 2f π , where f π is the pion decay constant in vacuum. At higher temperatures hadrons other than pions are thermally activated. Thus one needs inmedium correlators systematically involving those excitations.
In this paper we show the effects of the mixing (hereafter V-A mixing), and how the axialvector mesons affect the spectral function near the chiral phase transition, within an effective field theory. Our analysis will be carried out assuming several possible patterns of chiral symmetry restoration: dropping or non-dropping ρ meson mass along with changing a 1 meson mass, both considered to be options from a phenomenological point of view. The effect of explicit chiral symmetry breaking is also examined.
GENERALIZED HIDDEN LOCAL SYMMETRY
Several models exist which explicitly include the axialvector meson in addition to the pion and vector meson consistently with the chiral symmetry of QCD, such as the Massive Yang-Mills model [4] , the anti-symmetric tensor field method [5] and the approach based on generalized hidden local symmetry (GHLS) [6, 7] . These models are equivalent [7, 8, 9] for tree-level amplitudes in the low-energy limit.
Lagrangian
The GHLS Lagrangian is based on a G global × G local symmetry, where
is the chiral symmetry and
local is the GHLS. The whole symmetry G global × G local is spontaneously broken to a diagonal SU (N f ) V . The basic quantities are the GHLS gauge bosons, L µ and R µ , identified with the vector and axialvector mesons as
The fundamental objects are the Maurer-Cartan 1-forms defined bŷ
where the covariant derivatives of ξ L,R,M are given by
with L µ and R µ being the external gauge fields introduced by gauging G global . There are four independent terms with lowest derivatives:
where F is a parameter of dimension 1 andα
The kinetic term of the gauge bosons is given by
where g is the GHLS gauge coupling and the field strengths are defined by
Combining the terms (2.3) and (2.4) , the GHLS Lagrangian is given by
where a, b, c and d are dimensionless parameters. Fields for three types of Nambu-Goldstone (NG) bosons, φ σ , φ ⊥ and φ p , are introduced as
The pion field φ π is given by the combination
while two remaining would-be NG bosons [10] , φ σ and 8) representing the longitudinal vector and axialvector degrees of freedom, are absorbed into the ρ and a 1 . The π, σ and q fields are normalized by corresponding decay constants:
The pion decay constant, the meson bare masses and the coupling strength of the ρ and a 1 to the vector and axialvector currents, J µ and J µ 5 , are given by
Weinberg sum rules
The axialvector and vector current correlators are defined as 11) where Q 2 = −q 2 > 0 is the space-like squared momentum. When these correlators are saturated by the lowest lying mesons at tree level, we have 12) where the a 1 and ρ decay constants are defined by
(2.13)
The same correlators can be evaluated by the operator product expansion (OPE), which shows that the difference between two correlators scales as 1/Q 6 [11] #1 : 14) We require that the high energy behavior of the difference between the two correlators in the GHLS agrees with that in the OPE:
This condition is satisfied only if the following relations hold: 15) which are nothing but the pole saturated forms of the Weinberg first and second sum rules [12] . In terms of the parameters of the GHLS Lagrangian, the above relations can be traced back to
In Ref. [10] it was shown that the parameter relations are stable against the renormalization group evolution: This implies the non-renormalization of the Weinberg sum rules expressed in terms of the leading order parameters in the GHLS #2 . In the following studies, we adopt the GHLS Lagrangian with a = b and d = 0 as a reliable basis which describes the spectral function sum rules.
Explicit chiral symmetry breaking
Explicit chiral symmetry breaking due to the current quark masses is introduced througĥ 17) where M is the quark mass matrix and B is a constant with dimension 1. The transformation property under the chiral symmetry iŝ
18)
#1 We assume factorization of four-quark condensates. #2 The GHLS Lagrangian does not include scalarqq modes which are assumed to be heavier than other mesons incorporated. This may not be true near the critical point within the GinzburgLandau picture of the phase transition. The scalar mesons thus modify the renormalization group structure.
One finds
The isospin 1 2 states with J P C = 1 +± are mixed. The K 1A (1 ++ ) and K 1B (1 +− ) are nearly equal mixtures of the K 1 (1270) and K 1 (1400) (with a 45
• mixing angle) [13] . Thus, the h A is expressed as
In the present model, the coupling of a 1 to ρ-π is determined by 24) where F π is given in Eq. (2.20) . For expressing the ρ-photon mixing strength g ρ and ρ-π-π coupling g ρππ we introduce the higher derivative terms [9, 14] . The resultant expressions are given by
#3 In general, there are six independent terms including the two ofα ,⊥ andα M in one trace. Here we use two terms which contribute to the masses of vector and axialvector mesons. Furthermore, we neglect the correction to the kinetic term of the gauge fields.
with the squared four-momentum s = p 2 and dimensionless constants z ρ and z ρππ . The parameters are fixed by comparison with experimental values listed in Table I .
CHIRAL SYMMETRY RESTORATION
The critical temperature T c for the restoration of chiral symmetry in its Wigner-Weyl realization is defined as the temperature at which the vector and axialvector current correlators coincide and their spectra become degenerate. Expanding the correlators (2.12) in the meson rest frame, one finds
Then chiral symmetry restoration implies either δM = 0 or M ρ = 0 (or both) at T = T c : Either the ρ-a 1 mass difference δM or the ρ meson mass is identified as a measure of spontaneous chiral symmetry breaking and acts as an order parameter of the chiral phase transition.
Option A : dropping a1 and non-dropping ρ masses
The GHLS theory describes the chiral symmetry restoration with massless ρ and a 1 mesons in the chiral limit [10] (see also next subsection). The classification of possible restoration patterns relies on the renormalization group equations (RGEs). The theory does not have explicit scalarqq modes which will be important in the vicinity of the critical temperature. The scalar bosons may modify the RGEs and the massless mesons, protected by the fixed point of the RGEs, might not necessarily be uniquely associated with the chiral symmetry restoration. This option suggests a symmetry restoration scenario in which non-vanishing ρ and a 1 masses become degenerate at T = T c .
For the case of non-dropping ρ mass, we will examine δM changing with temperature intrinsically such that G A − G V = 0 at the chiral transition. To achieve G A = G V with δM = 0 at the critical temperature, we adopt the following ansatz of the temperature dependence of the bare axialvector meson mass:
where we schematically introduce the "flash temperature" T f [15] which controls how the mesons experience partial restoration of chiral symmetry. The temperature dependence of c(T ) as well as the critical temperature T c are in principle determined by QCD, e.g. through the matching to the QCD current correlators of finite temperature. We adopt here a simplified parameterization of the T -dependence #4 in which the values of T c and T f are taken in a reasonable range as indicated, for example, by the onset of the chiral crossover transition observed in lattice QCD [17] . We take T c = 200 MeV and T f = 0.7 T c for our numerical calculations.
For finite m π the temperature dependence of the a 1 meson mass is given by 4) where m π is assumed to be independent of temperature.
Option B : dropping a1 and ρ masses
The phase structure of the GHLS theory in vacuum was studied in detail based on the RG flows at one loop [10] assuming that the scalar mesons are heavier than any other mesons and are integrated out near the critical point. Here we give a brief summary of the chiral symmetry restoration with massless ρ and a 1 mesons in the GHLS. In this case chiral symmetry restoration can be realized only if the gauge coupling vanishes at the critical point, 5) when one requires the first and second Weinberg sum rules to be satisfied. This option leads to the ρ and a 1 mesons being massless:
The vanishing masses are not renormalized at the critical point since g = 0 is the only fixed point of its RGE. This is a field theoretical description of the dropping masses following Brown-Rho scaling [18] . Possible patterns of #4 The pion decay constant near the critical temperature Tc behaves as f 2 π ∼ T 2 c − T 2 in the chiral limit [16] . The parameterization in Eq. (3.3) describes this scaling. Here the Fπ denotes the tree-level parameter given in Eq. (2.10), while the fπ indicates the physical quantity including hadronic corrections which are generated from loop diagrams at finite temperature.
the symmetry restoration are classified by the mass ratio M ρ /M a1 which flows into one of the following fixed points #5 :
These cases correspond to the Lagrangian parameters as
The dropping ρ and a 1 masses are described by the T -dependent gauge coupling g(T ) parameterized as [14] 
Two possible cases of chiral symmetry restoration are thus distinguished by adopting the following parameterization with Eq. (3.9): (3.11) In the presence of explicit chiral symmetry breaking, the ρ and a 1 meson masses have the following temperature dependence:
13)
#5 Besides (I) and (II), the fixed point M 2 ρ /M 2 a 1 → 1/3 also leads to a possible restoration pattern [10] . This is an ultraviolet fixed point in any direction, so that it is not stable as to (I) and (II). Thus, we will consider only type (I) and (II) in this paper.
with the scaling behaviors given in Eqs. (3.9) , (3.10) and (3.11).
VECTOR SPECTRAL FUNCTION
The vector current correlator Eq. (2.11) in GHLS is expressed in terms of two-point functions of the vector gauge field V µ and the external field V µ as [19] 
where Π V , Π V and Π are V -V , V -V and V-V correlation functions given explicitly in Appendix A, with the following generic tensor decomposition:
The vector spectral function is defined as the imaginary part of the vector correlator in Eq. (4.1).
Option A : dropping a1 and non-dropping ρ masses
We first show, in the case of non-dropping ρ mass, the spectral function in the chiral limit calculated in the GHLS theory in Fig. 1 (left) . Two cases are compared; one includes the V-A mixing and the other does not. The spectral function has a peak at M ρ and a broad bump around M a1 due to the mixing. The height of the spectrum at M ρ is enhanced and a contribution above ∼ 1 GeV is gone when one omits the a 1 in the calculation. One observes that a discrepancy between the two curves becomes larger above T f where partial restoration of chiral symmetry sets in. For finite m π the energy of the virtual ρ meson for two processes, ρ+π → a 1 and ρ → a 1 +π, are splitted into √ s = m A1 − m π and √ s = m A1 + m π . This results in the threshold effects seen as a shoulder at √ s = M a1 − m π and a bump above Fig. 1 (right) . Note that the enhancement of the spectrum for m π = 0 is due to the change of the phase space factor (s − 4m Fig. 2 we compare the vector spectrum for Option A, where the a 1 bare mass changes with temperature, with that for a constant bare mass. Fig. 2 (left) shows that the upper bump due to the presence of a 1 appears at lower √ s than M a1 (T = 0) = 1.26 GeV since partial restoration of chiral symmetry sets in which makes the a 1 mass decreasing. In case of constant a 1 mass, this bump stays at the same point as vacuum M a1 at any temperatures. The threshold effects for finite m π systematically go down for the T -dependent a 1 mass, and show no shift for the constant a 1 mass in Fig. 2 (right) . The enhancement around √ s 1 GeV will be a signal of the partial chiral restoration. Fig. 3 (left) shows the temperature dependence of the vector spectral function in the chiral limit. One observes a systematic downward shift of the enhancement around the a 1 mass with temperature, while the peak position corresponding to the ρ pole mass moves upward due to the hadronic temperature corrections. At T /T c = 0.9 two bumps begin to overlap: the lower one corresponds to the ρ pole, and the upper one to the a 1 -π contribution. Finally at T = T c , M a1 becomes degenerate with M ρ around √ s ≃ 1 GeV and the two bumps are on top of each other. Note that the V-A mixing eventually vanishes there. This feature is a direct consequence of vanishing coupling of a 1 to ρ-π, as easily seen from Eq. (2.24) . It is unchanged even if an explicit scalar field is present [20] . Figure 3 (right) shows the temperature dependence of the vector spectrum for finite m π . Below T c one observes the previously mentioned threshold effects moving downward with increasing temperature. It is remarkable that at T c the spectrum shows almost no traces of a 1 -ρ-π threshold effects: Eq. (3.4) together with the fact that h V ≃ h A shows that the ρ to a 1 mass ratio becomes almost 1 at T = T c : (4.3) and the pion decay constant is very tiny there,
This indicates that at T c the a 1 meson mass nearly equals the ρ meson mass and the a 1 -ρ-π coupling almost vanishes even in the presence of explicit chiral symmetry breaking.
Option B : dropping a1 and ρ masses
In case of dropping ρ and a 1 masses, the spectral function is enhanced compared to that without dropping mass since the ρ decay width is reduced [14] . Fig. 4 shows the vector spectrum using the type (I) parameterization at T = 0.8 T c . The feature that the a 1 meson suppresses the vector spectral function through the V-A mixing remains unchanged [21] . Compared with Fig. 1 (lowerleft) , a bump through the V-A mixing and the ρ peak are shifted downward since both the ρ and a 1 masses drop. The self-energy has a cusp at the threshold 2 M ρ and this appears as a dip at √ s ∼ 1.3 GeV. The influence of finite m π turns out to be in threshold effects as before.
In Fig. 5 we compare type (I) with (II) at T = 0.8 T c . In type (II) the ρ meson mass drops faster than the a 1 mass which is clearly seen in the figure. The ρ coupling to the vector current g ρ decreases faster than that for type (I) and this makes the spectral function somewhat suppressed compared with that for type (I).
For finite pion mass, one finds from Eqs. (3.12) and (3.13) the mass ratio near T c for both type (I) and (II). This leads to the nearly vanishing V-A mixing as seen for the non-dropping ρ mass, option A (see Eq. (4.3)).
It should be noted that the vector meson becomes the chiral partner of the pion and vector meson dominance is strongly violated when the chiral symmetry is restored in the VM (type (II)) [22] . This induces a significant reduction of the vector spectral function [14, 23] . On the other hand, the pion form factor is still vector-meson dominated at T c if the dropping ρ and a 1 join in the same chiral multiplet (type (I)) [10] .
CONCLUSIONS
We have performed a detailed study of V-A mixing in the current correlation functions and its evolution with temperature, guided by three possible scenarios of chiral symmetry restoration: dropping ρ and a 1 masses with type (I) and (II), and alternatively dropping a 1 mass becoming degenerate with a non-zero ρ meson mass at critical temperature. In the chiral limit the axialvector meson contributes significantly to the vector spectral function; the presence of the a 1 reduces the vector spectrum around M ρ and enhances it around M a1 . For physical pion mass m π , the a 1 contribution above √ s ∼ M a1 still survives although the bump is somewhat reduced. A major change with both dropping ρ and a 1 masses is a systematic downward shift of the vector spectrum. We observe a different evolution of the spectrum depending on type (I) or (II) before reaching the critical temperature. The a 1 -ρ-π coupling vanishes at the critical temperature T c and thus the V-A mixing also vanishes. A remarkable observation is that even for physical m π the ρ and a 1 meson masses are well degenerate at T c . The vanishing V-A mixing at T c stays almost intact.
One interesting application of this thermal spectral function is to study dilepton production in relativistic heavy-ion collisions. The change of the V-A mixing in the presence of matter and its influence on dilepton production has been evaluated based on a virial expansion for T < m π and ρ < 3ρ 0 (with normal nuclear matter density ρ 0 ) [24] . However, important modifications of the a 1 -meson properties near critical temperature have not been treated so far in dilepton processes in the context of chiral symmetry restoration. Of course, in order to deal with dileptons realistically one needs to account for other collective excitations and many-body interactions as well as the time evolution of the created fireball [25] . Such effects can screen signals of chiral restoration [23] and make an interpretation of broad in-medium spectral functions in terms of a changing chiral order parameter quite difficult [26] . The situation at RHIC and/or LHC might be very different from that at SPS. At SPS energies manybody effects come from the presence of baryons. These effects are expected to be much reduced in very hot matter with relatively low baryon density. The present study may then be of some relevance for the high temperature, low baryon density scenarios encountered at RHIC and LHC.
One caveat in the present treatment is about the lack of genuineqq scalar which becomes the chiral partner of the pion in the Ginzburg-Landau picture of chiral symmetry restoration. The scalar modes are expected to be important near the chiral critical temperature and may modify the current correlators. This can be quantified by introducing explicit scalar modes in a GHLS invariant way. Work concerning the finite temperature evolution of both vector and axialvector spectral functions in this generalized framework is in progress and will be reported elsewhere [20] . The two-point function of V µ and the external vector field V ν , like a photon, is found as
The two-point function of V µ is .5) 
